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ABSTRACT
A large number of perivascular cells expressing both
macrophage and melanocyte characteristics (named
perivascular-resident macrophage-like melanocytes,
PVM/Ms), previously found in the intra-strial fluid–
blood barrier, are also found in the blood–labyrinth
barrier area of the vestibular system in normal adult
cochlea, including in the three ampullae of the
semicircular canals (posterior, superior, and horizon-
tal), utricle, and saccule. The cells were identified as
PVM/Ms, positive for the macrophage and melano-
cyte marker proteins F4/80 and GSTα4. Similar to
PVM/Ms present in the stria vascularis, the PVM/Ms
in the vestibular system are closely associated with
microvessels and structurally intertwined with endo-
thelial cells and pericytes, with a density in normal
(unstimulated) utricle of 225±43/mm2; saccule 191±
25/mm2; horizontal ampullae 212±36/mm2; anterior
ampullae 238±36/mm2; and posterior ampullae 223±
64/mm2. Injection of bacterial lipopolysaccharide
into the middle ear through the tympanic membrane
causes the PVM/Ms to activate and arrange in an
irregular pattern along capillary walls in all regions
within a 48-h period. The inflammatory response
significantly increases vascular permeability and leak-
age. The results underscore the morphological com-
plexity of the blood barrier in the vestibular system, with
its surrounding basal lamina, pericytes, as well as second
line of defense in PVM/Ms. PVM/Ms may be important
to maintain blood barrier integrity and initiating local
inflammatory response in the vestibular system.
Keywords: mouse vestibular system, perivascular-
resident macrophage-type melanocyte, inflammation,
vascular permeability
INTRODUCTION
Perivascular-resident macrophages in the brain, reti-
na, and other tissues (Cuadros and Navascues 1998;
Kezic and McMenamin 2008; Guth et al. 2009; Brigitte
et al. 2010; Yang et al. 2010) play a role in immuno-
logical defense and repair (Cui et al. 2009; Ekdahl et
al. 2009). The resident macrophages scavenge invad-
ing microorganisms and dead cells (Mitrasinovic and
Murphy 2002; Mitrasinovic et al. 2005; Nimmerjahn et
al. 2005). The resident macrophages are also immune-
effector cells that produce superoxide anions, nitric
oxide, and inflammatory cytokines during inflamma-
tion (Block and Hong 2005; Block et al. 2007; Hanisch
and Kettenmann 2007; Cheret et al. 2008).
A large number of perivascular cells which express
both macrophage and melanocyte characteristics
(perivascular-resident macrophage-like melanocytes,
PVM/Ms) are previously found in the intra-strial
fluid–blood barrier (Shi, 2010; Zhang et al. 2012).
Using double-label fluorescent immunohistochemis-
try, combined with confocal microscopy, we also
found a population of PVM/Ms in the vestibular system,
including in horizontal, anterior, and posterior
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semicircular canal ampullae, utricle, saccule, and semi-
circular canal. In an earlier study, we demonstrated that
PVM/Ms are a hybrid cell type, with morphology and
function similar to astrocytes in the blood–brain barrier
and glial cells in the blood–retina barrier (Zhang et al.
2012), playing an essential role in regulation of the intra-
strial fluid–blood barrier integrity by affecting the
expression of tight and adherens junction proteins. In
the absence of PVM/Ms, the permeability of the
endothelial cell monolayer markedly increases (Zhang
et al. 2012). Expression of specific macrophage surface
markers and scavenger receptors in strial PVM/Ms is
also indicative of their contribution tomaintenance and
repair of the intra-strial fluid–blood barrier under
conditions of tissue injury and inflammation (Shi 2010).
In this study, we characterized PVM/M phenotype,
density, and function in the blood–labyrinth barrier of
the normal adult vestibular system, particularly under
inflammatory conditions. The cells were verified as
PVM/Ms by positive immunolabeling for the specific
cell surface makers, F4/80 and GSTα4. The vestibular
PVM/Ms, like strial PVM/Ms, closely associated with
microvessels and intertwined with endothelial cells
and pericytes. The functional role of the vestibular
PVM/Ms was especially apparent under inflammatory
conditions. Injection with bacterial lipopolysaccharide
(LPS) through the tympanic membrane in normal
C57BL/6J adult mice caused activation and irregular-
ities in the PVM/Ms, asymmetric positioning along
capillary walls in all regions, and a significant increase




Male C57BL/6J mice (aged 4–6 weeks, stock number
000664) were purchased from Jackson Laboratory
(Bar Harbor, ME, USA). The protocol for the care
and use of these animals was approved by the
Institutional Animal Care and Use Committee at
Oregon Health and Science University (IACUC
approval number MU7_IS00001157).
Immunohistochemistry
In this study, mice were first deeply sedated with
ketamine hydrochloride (100 mg/kg, intramuscular-
ly) and 2 % xylazine hydrochloride (10 mg/kg, Abbott
Laboratories, USA). The mice were perfused intravas-
cularly via the left ventricle with phosphate-buffered
saline (PBS, pH 7.4), followed by the fixative 4 %
paraformaldehyde. The mice were then sacrificed by
decapitation, and their cochleae were harvested. The
cochleae were then perilymphatically perfused with
the same fixative and the vestibular system tissues
isolated and placed in PBS with 4 % paraformalde-
hyde overnight. After being washed in PBS, tissue
samples were permeabilized in 0.5 % Triton X-100
(Sigma, USA) for 1 h and immunoblocked with a
solution of 10 % goat serum (alternatively rat or
rabbit serum) and 1 % bovine albumin in 0.02 mol/L
PBS for an additional hour. The specimens were
incubated overnight at 4 °C with the primary antibod-
ies (Table 1) diluted in PBS-bovine serum albumin
(BSA). After several washes in PBS, the samples were
incubated with secondary antibodies (Table 1) for 1 h
at room temperature. Capillaries were labeled with
lectin Griffonia simplicifolia IB4 (GS-IB4) conjugated to
Alexa Fluor 568. The tissues were washed for 30 min,
mounted (H-1000, Vector Laboratories, USA), and
visualized under an FV1000 Olympus laser-scanning
confocal microscope. Controls were prepared by
replacing primary antibodies with overnight incuba-
tion in PBS–BSA.
Assessment of vascular permeability
Vascular permeability in control and LPS-treated
cohorts was assessed using a fluorescein isothiocya-
nate (FITC)-conjugated bovine albumin tracer (FITC-
albumin, ∼66 kDa, A-9771, Sigma, USA). The tracer
was intravenously administered to the tail vein of
anesthetized animals 30 min prior to harvesting.
Anesthetized animals were perfused intravascularly
through the left ventricle with Hank's balanced salt
solution (HBSS). The mice were decapitated and
whole mounts of the vestibular system imaged on a
fluorescent microscope (Leica DM2500, Germany).
Vascular leakage in each group receiving FITC-
albumin was quantitatively analyzed. The mice were
anesthetized and perfused intravascularly for 5 min
with HBSS. The vestibular system was then removed,
homogenized in 1 % Triton X-100 in PBS, and the
lysate centrifuged at 16,000 rpm for 20 min. Relative
fluorescence of the supernatant was measured on a
Tecan GENios Plus Microplate Reader (Tecan Group
Ltd, USA), with samples for each group run in
quintuplicate. Data were represented as means ± SD.
For in situ detection, Alexa Fluor 568-conjugated
goat anti-human IgG (molecular mass, 200 kDa) (A-
21090, Invitrogen, USA) was administered by i.v. for
2 h. Anesthetized animals were perfused intravascu-
larly through the left ventricle for 2 min with HBSS
followed by 5 min of 4 % paraformaldehyde (PFA) in
PBS. The vestibular system from each group was
removed and post-fixed overnight with 4 % PFA in
PBS, pH 7.2, at 4 °C. Whole-mounted parts of the
vestibular system were immunolabeled with anti-
collagen IV antibody (Table 1). Tissue samples were
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imaged with an FV1000 Olympus laser-scanning
confocal microscope.
LPS treatment
Animals in the LPS group were trans-tympanically
injected with 10 μl emulsion of LPS in 0.9 % sodium
chloride (LPS 5 mg/ml, Sigma, USA). The LPS was
injected into the middle ear cavity of the left ear for
48 h.
Counts of F4/80- and GSTα4-positive cells
Cells labeled with antibody for F4/80 or cells co-
labeled with antibodies for F4/80 and GSTα4 in the
vestibular system of control and LPS-treated mice
(cohorts of five mice) were counted on a standard
epifluorescence microscope with a ×20 objective.
Counts were obtained for ten randomly chosen, non-
overlapping 150×300 μm areas of each group, and the
data were represented as means ± SD.
Counts of F4/80- and GS-IB4-positive cells
The percentage of active PVM/Ms was determined for
whole mounts of semicircular canal ampullae, utricle,
and saccule on control and LPS-treated groups (co-
horts of five mice). Cells double labeled for F4/80
(green) and GS-IB4 (red) were counted on a fluores-
cence confocal microscope with a ×20 objective. The
percentage of double-labeled cells was identified by
color: green for cells showing green only labeling for
F4/80 and yellow for cells positive for both markers
F4/80 and GS-IB4. The percentage was calculated as:
Number of cells positive for both F4
.
80 and GS−IB4 per mm2





All statistical analyses were performed using SPSS
17.0. Data, presented as means ± SD, were evaluated
using Student’s t test for group comparisons. A
95 % confidence level was considered statistically
significant.
TABLE 1
Primary and second antibodies employed






















Reacts with mouse, rat,
guinea pig, and human
Collagen IV Abcam, Cambridge,
MA




Reacts with mouse, rat,
cow, human, and pig
Isolectin GS-IB4-conjugated
Alexa Fluor 568 conjugate
Invitrogen,
Eugene, OR
Cat# 121411 1:100 (dilution with
1 % BSA–PBS)






Cat# A-11008 1:100 (dilution with
1 % BSA–PBS)





Cat# A-21245 1:100 (dilution with
1 % BSA–PBS)





Cat# A-11006 1:100 (dilution with
1 % BSA–PBS)





Cat# A-21247 1:100 (dilution with
1 % BSA–PBS)





Cat# A-21210 1:100 (dilution with
1 % BSA–PBS)





Cat# A-11079 1:100 (dilution with
1 % BSA–PBS)
Rabbit Reacts with goat
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RESULTS
Identification of perivascular-resident
macrophages in the vestibular system
The peripheral vestibular system consists of different
end organs including the semicircular canals, utricle,
saccule, and three ampullae (Fig. 1A, B). Using
fluorescent immunohistochemical labeling for F4/
80, combined with confocal microscopy, we found a
population of dendrite-shaped resident macrophages
with ramified processes (green) distributed in differ-
ent regions of the vestibular system of normal adult
cochlea, but particularly concentrated in capillary
regions labeled by GS-IB4 (red) (Fig. 1C).
Perivascular-resident macrophages identified
as melanocytes
Double-label immunofluorescence showed F4/80-pos-
itive cells to express melanocyte marker protein,
including cytosolic GSTα4 (Fig. 2A–C). The resident
macrophages contain melanin pigment granules in
the cytoplasm (Fig. 2D–F). The data indicate that
resident macrophages are a hybrid cell type, differing
from the classical macrophage, having both macro-
phage and melanocyte characteristics, thus the mon-
iker, perivascular -resident macrophage- l ike
melanocytes.
Perivascular-resident macrophage-like
melanocytes are in close contact with capillaries
The PVM/Ms, highly invested on the abluminal
surface of capillaries and structurally intertwined with
endothelial cells, have dendritic processes that inter-
face with the capillary wall. Whole-mounted semicir-
cular canal ampullae, utricle, saccule, and
semicircular canal triple labeled for F4/80, desmin,
and GS-IB4 to show PVM/Ms (blue) closely associated
with pericytes (green) and endothelial cells (red). The
three cell types structurally intertwine. The left panels
of Figure 3 show the distribution of the three cell
types under low-magnification differential interfer-
ence contrast (DIC) and confocal fluorescence mi-
croscopy. The middle and right panels of Figure 3 are
low- and high-magnification confocal images which
show PVM/Ms adjacently associated with pericytes
and endothelial cells.
LPS treatment induces inflammation
The density of F4/80-positive cells in normal
(unstimulated) utricle was 225±43/mm2; saccule 191
±25/mm2; horizontal ampullae 212±36/mm2; anteri-
or ampullae 238±36/mm2; and posterior ampullae
223±64 /mm2 (Fig. 4A). Injection of LPS (5 mg/ml)
into the middle ear through the tympanic membrane
causes a dramatic and statistically significant increase
in F4/80-positive cells in all regions within a 48-h
period (Fig. 4B). Comparison of F4/80-positive cells
in the control and LPS-treated groups is shown in
Figure 4C. However, it should also be remarked that
approximately 20–40 % of the F4/80-positive cells are
not positive for melanocyte marker proteins GSTα4
(Fig. 4D), suggesting macrophage infiltration into the
vestibular system due to the inflammation.
LPS treatment causes PVM/M activation
Ac t i v a t ed mac rophage s d i sp l a y t e rm ina l
galactopyranosyl group on their membrane surface
which binds GS-IB4. Enhanced affinity and binding of
lectins to GS-IB4 is well-developed as a marker for
macrophage activation (Takacs and Staehli 1987;
FIG. 1. Perivascular-resident macrophage in the vestibular system.
A shows a macroview of an isolated mouse vestibular system. The
scale bar is 1,000 μm. B Different parts of the normal vestibular
system, including the horizontal, anterior, and posterior semicircular
canal ampullae, utricle, saccule, and semicircular canal are photo-
graphically portrayed. The scale bar is 500 μm. C PVM/Ms in
different parts of the normal vestibular system are labeled with
antibody for F4/80 (green), with capillaries labeled by GS-IB4 (red).
The scale bar is 100 μm.
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FIG. 2. Perivascular-resident cells identified as melanocyte-like
macrophages. A–C PVM/Ms double labeled with antibody for F4/80
and GSTα4 show positive staining for macrophage and melanocyte
marker proteins F4/80 (green) and GSTα4 (red). The scale bar is
50 μm. D–F PVM/Ms contain melanin pigment granules. The
column-reticular square region in panel F shows melanin granules
under a high magnification. The scale bar is 100 μm.
FIG. 3. PVM/Ms in the vestibular sys-
tem are closely associated with
microvessels and structurally intertwined
with endothelial cells and pericytes. A–D
(left panels) Whole-mounted semicircular
canal ampullae, utricle, saccule, and
semicircular canal triple labeled for F4/
80 (blue), desmin (green), and GS-IB4
(red) in low magnification (×20) confocal
and DIC images show PVM/Ms, pericytes,
and endothelial cells. The scale bar is
100 μm. A–D (middle panels) The confo-
cal image under higher magnification
(×40) shows the interaction between the
three cell types. The scale bar is 50 μm.
A–D (right panels) The zoomed image
shows the three cell types to structurally
intertwine. The scale bar is 30 μm.
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Tabor et al. 1989). In control tissue, most PVM/Ms do
not bind GS-IB4 (Fig. 5A), and only 14–16 % are
positively labeled. However, a significantly increased
proportion of PVM/Ms are GS-IB4 positive in the LPS-
treated animals (Fig. 5B), with 80 to 84 % of PVM/Ms
in treated tissues GS-IB4 positive (Fig. 5C).
LPS treatment increases vascular leakage
Under normal conditions, the blood–fluid barrier
restricts movement of large molecules, and to a lesser
extent small molecules, into the ear (Fig. 6A). The
barrier becomes highly permeable to large substances
such as albumin-FITC and IgG Alexa Fluro-568 with
48 h of LPS treatment. When albumin-FITC is
administered through the animal’s tail vein 30 min
prior to harvesting, fluorescent tracer accumulation is
seen in isolated whole mounts of the vestibular system
from leakage of the albumin-FITC (∼66 kDa)
(Fig. 6B). LPS-treated animals show significant leak-
age of albumin-FITC across the fluid–blood barrier
(Fig. 6C). Immunohistochemical staining in combina-
tion with confocal microscopy shows extravasation of
high molecular weight IgG Alexa Fluro-568 tracers
in tissues of LPS-treated animals (Fig. 6D–G). The
data show inflammation to cause increased vascular
permeability.
DISCUSSION
This study shows the vestibular system to contain a
large population of PVM/Ms. By confocal imaging,
the PVM/Ms are shown to be closely associated with
microvessels and structurally intertwined with endo-
thelial cells and pericytes. PVM/Ms in all regions of
the vestibular system show marked activation and
rearrangement into an irregular pattern with LPS
treatment. The concurrent inflammatory response
significantly increases vascular permeability and
leakage.
FIG. 4. LPS treatment causes inflammation. A, B Whole-
mounted semicircular canal ampullae, utricle, and saccule
double labeled for F4/80 (green) and GS-IB4 (red) in the control
(A) and LPS-treated groups (B). The scale bar is 100 μm. C, D
F4/80-positive macrophage population in whole-mounted semi-
circular canal ampullae, utricle, and saccule is significantly
increased with LPS treatment [C, n=5, P(control vs LPS treatment/
posterior ampullae)=0.015; P(control vs LPS treatment/utricle)=0.004;
P(control vs LPS treatment/saccule)=0.025]. The identified PVM/Ms
do not show the same level of cell number response to LPS as
macrophages (D, n=5, P(control vs LPS treatment in all regions)90.05).
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In a previous study, we found a large population of
perivascular cells in the vicinity of the intra-strial
fluid–blood barrier in the stria vascularis of normal
adult cochlea. The cells were identified as
perivascular-resident macrophages, positive for several
macrophage surface molecules including F4/80,
CD68, and CD11b (Shi 2010). Further study demon-
strated the PVM/Ms to be a hybrid cell type, differing
from the classical macrophage. In the present study,
we have expanded our study to include the vestibular
system and have investigated the morphological
complexity of the blood barrier in the vestibular
system, including its surrounding basal lamina,
pericytes, as well as second line of defense in PVM/
Ms.
Resident dendritic cells or macrophages in most
tissues have a physiological role which supports
homeostasis (Lech et al. 2012). Perivascular-resident
macrophages are prevalent in the brain, retina, lung,
and intestine (Cuadros and Navascues 1998; Kezic
and McMenamin 2008; Guth et al. 2009; Brigitte et al.
2010; Yang et al. 2010) where they have several
important homeostatic roles. For example, macro-
phages are specialized for phagocytic clearance of
airborne and ingested pathogens in the lung (Guth et
al. 2009; Soroosh et al. 2013) and liver (Yang et al.
2012).
The phenotype and density of mononuclear
phagocytes in different tissues vary widely, paralleling
the wide range of homeostatic requirements in
different tissues. In a normal animal ear vestibular
system, PVM/Ms are a hybrid cell type, expressing
macrophage and melanocyte marker proteins, includ-
ing F4/80 and cytosolic GSTα4 (Fig. 2), and contain-
ing melanin pigment granules in the cytoplasm.
Density of the cells across different regions of the
vestibular system ranges between 191 and 238±36/
mm2. The PVM/Ms are found invested on the
abluminal surface of capillaries and intertwined with
endothelial cells and dendritic processes at the
interface with the capillary wall.
Tissue-resident macrophages are mobilized with
trauma, as well as by pathogens and toxic insults to
tissue homeostasis (Kharraz et al. 2013). In this study,
injection of bacterial LPS into the middle ear through
the tympanic membrane causes a dramatic increase in
infiltration of inflammatory cells (with a significant
increase in F4/80-positive cells). The PVM/Ms display
marked morphological changes with increased bind-
ing to GS-IB4. High fluorescence signals for Alexa
Fluor-conjugated GS-IB4 are seen in LPS-treated
PVM/Ms (Fig. 5), suggesting the PVM/Ms harbor a
terminal galactopyranosyl group on their membrane
surface (Maddox et al. 1982). Enhanced affinity for
binding this lectin is well recognized as a marker to
indicate the degree of macrophage responsiveness with
exposure to various stimuli (Adams and Hamilton 1984;
Tabor et al. 1989). Consistent withMaddox et al. (1982),
we show that activated macrophages express terminal a-
linked galactopyranosyl residues on their surface which,
FIG. 5. LPS treatment causes activation
of PVM/Ms. A, B The PVM/Ms are
activated by LPS treatment. Double-la-
beled whole-mounted ampullae, saccule,
and utricle show PVM/Ms labeled with
antibody for F4/80 also positive for GS-
IB4 in the LPS-treated groups. The scale
bar is 50 μm. C, Percentage of activated
PVM/Ms in ampullae, utricle and saccule"
after 50 um.
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conversely, are not found on normal unstimulated
macrophages (Fig. 5). Local phagocyte activation aug-
ments homeostasis, and the activation of PVM/Ms in the
vascular wall of the blood–labyrinth barrier may be the
primary contributing factor in local inflammatory
response.
PVM/Ms are in close contact with vessels in the
intra-strial barrier. Like astrocytes and glial cells in the
brain, PVM/Ms in the cochlea have an essential role
in regulating barrier integrity and performing other
tissue-oriented functions (Prat et al. 2001; Abbott et
al. 2006). PVM/Ms in the intra-strial fluid–blood
barrier affect membrane integrity by regulating syn-
thesis of tight junction proteins, and loss of PVM/Ms
is associated with tissue edema (Zhang et al. 2012).
PVM/Ms produce pigment epithelium growth factor,
a 50-kDa glycoprotein first identified in retinal
pigment epithelium cells (Liu et al. 2012), which
plays a role in the stria vascularis as an essential
signaling molecule for stabilizing the intra-strial fluid–
blood barrier and establishing a normal hearing
threshold (Zhang et al. 2012). The role of PVM/Ms
in the blood barrier of the vestibular system may be
similar to their role in the intra-strial fluid–blood
barrier. LPS treatment significantly increases vascular
permeability and leakage in all regions and causes
irregular arrangement of PVM/Ms along capillary
walls within a 48-h period.
Change in vascular architecture is known to be
correlated with blood flow and vascular stability
(Duvall and Robinson 1987). The rearrangement of
PVM/Ms caused by the introduction of LPS toxin into
the blood–labyrinth barrier may be related to the
increased vascular leakage. Further studies are need-
ed to identify the role of PVM/Ms in blood barrier
permeability and for delineating the mechanisms of
various inflammatory mediators and bacterial toxins
in inducing vascular leakage.
CONCLUSION
A large number of PVM/Ms are found in the area of
the blood–labyrinth barrier of the vestibular system in
normal adult cochlea, including in the three ampullae
of the semicircular canals (posterior, superior, and
horizontal), utricle, and saccule. The cells are
identified as PVM/Ms, as they are positive for the
FIG. 6. LPS treatment increases vascular leakage. A, B Intrave-
nously injected tracer (FITC-albumin, MW=66 kD) accumulates
throughout the entire vestibular system of LPS-treated animals (B),
but not in controls (A). C Capillary leakage of FITC-albumin is
significant in LPS-treated mice [n=6, P(control vs LPS treatment)=0.007].
D–G Extravasation of intravenously injected IgG Alexa 568 (white
arrows) from capillaries, visualized by collagen IV immunostaining
(green), was observed in LPS-treated mice, but not in controls. The
scale bar is 50 μm.
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macrophage and melanocyte marker proteins, F4/80
and GSTα4. Similar to PVM/Ms present in the stria
vascularis, the PVM/Ms in the vestibular system are
closely associated with microvessels and structurally
intertwined with endothelial cells and pericytes. Tym-
panic injection of bacterial LPS into the middle ear
causes dramatic infiltration of macrophages and irreg-
ular rearrangement of resident macrophages (PVM/
Ms) along capillary walls within a 48-h period. The
inflammatory response significantly increases vascular
permeability and leakage. The results indicate PVM/Ms
in the vascular wall of the blood–labyrinth barrier may
be important factors in maintaining blood barrier
integrity and initiating local inflammatory response in
the vestibular system.
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